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North-south-directed extension on the South Tibetan Fault System (STFS) played an important role in Himalayan
tectonics of the Miocene Period, and it is generally assumed that orogen-perpendicular extension ceased in this oro-
genic system before the Pliocene. However, previous work in the Annapurna and Dhaulagiri Himalaya of central Nepal
revealed evidence for local Pleistocene reactivation of the basal STFS structure in this area (the Annapurna Detach-
ment). New structural mapping and (U-Th)/He apatite and zircon thermochronology in this region further document
the significance of Pleistocene N-S extension in this sector of the Himalaya. Patterns of (U-Th)/He accessory-mineral
ages are not disrupted across the reactivated segment of the STFS basal detachment, indicating that Pleistocene offset
was limited. In contrast, the trace of a N-dipping, low-angle detachment in the hanging wall of the reactivated An-
napurna Detachment—formerly linked to the STFS, but here named the Dhaulagiri Detachment—coincides with an
abrupt break in the cooling-age pattern in two different drainages ∼20 km apart, juxtaposing Miocene hanging-wall
dates against Pleistocene footwall dates. Our observations, combined with previous fission-track data from the region,
provide direct evidence for significant N-S extension in the central Himalaya as recently as the Pleistocene.
Online enhancements: appendix, tables.Introduction
The Himalayan-Tibetan orogenic system provides that slip on the STFS ceased by theMiddleMiocene
(e.g., Searle and Godin 2003), N-S-directed exten-
sional faulting across the Himalayan crest is notan unusual opportunity to examine the role of ex-
tensional faulting in the evolution of collisional oro-
gens. TheSouthTibetan Fault System (STFS;fig. 1A),
a family of predominantly top-to-the-north normal
faults, can be traced for more than 2000 km along
strike near the crest of the range (e.g., Burchfiel et al.
1992). The STFS, alongwith contemporaneous thrust-
ing on the structurally lower Main Central Thrust
System, is thought to be responsible for the exhu-
mation of the core of the Himalaya in the Early to
Middle Miocene (Hodges et al. 1992, 1996; Na-
zarchuk 1993; Coleman 1996; Coleman and Hodges
1998; Searle et al. 1999).While it iswidely perceived
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All use subject to JSTOR limited toMiocene strands of the STFS. Quaternary
displacement on E-W- to NW-SE-striking, shal-
lowly to moderately N-dipping faults with variable
components of northward displacement has been
documented near the range crest in several regions
spanning a distance of more than 600 km across the
central Himalaya. Some of these faults have been
interpreted previously as part of the STFS (Wu et al.
1998; Hurtado et al. 2001), while others transect the
Miocene structural grain of the Himalaya and have
been regarded as distinctive (Nakata 1989; Mc-
Dermott et al. 2013; Murphy et al. 2014). The tec-
tonic significance of this young extensional faulting
has not been establishedwith confidence because of
uncertainties in the regional extent of individual
fault strands, a general lack of direct constraints on
the timing of faulting, and the absence of estimates
3–151] q 2015 by The University of Chicago.
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directed extension is not limited to the Early to
MiddleMiocene but rather has played an important
napurna and Dhaulagiri Himalaya of Nepal.
The terms “Dhaulagiri Himalaya” and “Annapurna
134 J . A . M CD E RMOTT E T A L .role in the subsequent evolution of the Himalaya,
then current models of Late Miocene–Quaternary
Himalayan tectonics are incomplete. Here we pre-
sent thermochronologic evidence for significant
displacement more recently than 1.5 Ma on a well-This content downloaded from 23.235.32
All use subject to JSTOR TGeologic ContextHimalaya” refer to two clusters of mountains in
central Nepal surrounding the seventh- and tenth-of slip magnitude on many strands. If regional, N-S- exposed N-dipping extensional structure in the An-
Figure 1. Geologic and structural maps of selected locations across central Nepal discussed in the text, modified
from Colchen et al. (1986), Vannay and Hodges (1996), Hurtado et al. (2001), Godin (2003), and Silver (2012).
A, Generalized geologic map of Nepal, showing spatial relationship of discussed locations; B, large-scale map of the
western Dhaulagiri Himalaya, encompassing the Dhaulagiri Transtensional Zone (Silver 2012), including the Dhau-
lagiri Southwest Fault (Nakata 1989); C, detailed map of the eastern Dhaulagiri Himalaya and the Annapurna Hi-
malaya, showing the extent of the study areas, the Kali Gandaki Valley (right-hand inset, fig. 2A) and Myagdi Khola
Valley (left-hand inset, fig. 2B). The Modi Khola Valley is also shown to the immediate west of Machhapuchhare;
D, Marsyandi Valley of the eastern Annapurna Himalaya. Abbreviations: A-DDp Annapurna-Dhumpu Detachment;
CD p Chame Detachment; DD p Dhaulagiri Detachment; DiD p Deorali Detachment; DSW p Dhaulagiri
Southwest Fault; DZp Dangardzong Fault; HDp Hiunchuli Detachment; IBCp Italian base camp; JFp Jangla Fault;
KSZp Kalopani Shear Zone; MBTSpMain Boundary Thrust System; MCTSpMain Central Thrust System; MDp
Machhapuchhare Detachment; MFTSp Main Frontal Thrust System; MKSZ pModi Khola Shear Zone; PDp Phu
Detachment; STFSp South Tibetan Fault System; TFp Tibrikot Fault..0 on Thu, 29 Oct 2015 18:33:15 PM
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highest peaks in the world: Dhaulagiri I at 8167 m
and Annapurna I at 8091 m. The two are separated
by one of our planet’s deepest valleys, carved by
channel occurs near the southern termination of
the graben in an area of massive landsliding. South
of this knickpoint, the stream gradient increases
Journal of Geology 135P L E I S T OC EN E L OW - ANG L E NORMA L F AU L T I NG I N N E P A Lthe Kali Gandaki River (fig. 1C). From headwaters
on the physiographic Tibetan Plateau, the low-
gradient upper reaches of the Kali Gandaki flow
along the floor of the N-S-trending Thakkhola Gra-
ben, one of numerous extensional features in the
southernplateau formed inMiocene timeandactive
into the Quaternary (Armijo et al. 1986; Coleman
and Hodges 1995; Hurtado et al. 2001; Garzione
et al. 2003). A prominent knickpoint in the riverThis content downloaded from 23.235.32
All use subject to JSTOR dramatically as the Kali Gandaki carves a deep and
narrow gorge through the physiographic Greater
Himalaya between the Annapurna and Dhaulagiri
Massifs. One keyfield site for our studywas the area
of this transition in theKaliGandakiValley, because
it corresponds closely with the trace of the basal
STFS structure (fig. 2A). Building on earlier work by
Hurtado et al. (2001) that yielded evidence for Qua-
ternary slip along a reactivated segment of this struc-Figure 2. Structural and geologic maps of the Kali Gandaki (A) and Myagdi Khola (B) Valleys in central Nepal.
Geologic relationships modified from Colchen et al. (1986), Vannay and Hodges (1996), Hurtado et al. (2001), Hurtado
(2002), and Godin (2003). In the Kali Gandaki valley, zircon fission-track ages are from Crouzet et al. (2007), and
apatite fission-track ages are from Arita and Ganzawa (1997); all zircon and apatite (U-Th)/He ages are from this study.
Note that although Hurtado et al. (2001) mapped a small section in the corner between the immediate hanging wall
of the Annapurna-Dhumpu Detachment and the footwall of the Dangardzong Fault as Formation II, further field
and laboratory evaluation of samples from this wedge of material suggests that it is instead Annapurna Yellow Forma-
tion. Abbreviations: ADDpAnnapurna-DhumpuDetachment; ApFTp apatitefission-track; ApHep apatite cooling;
DDpDhaulagiriDetachment;DZpDangardzong Fault; FmpFormation; KSZpKalopani ShearZone; STFSp South
Tibetan Fault System; ZrnFTp zircon fission-track; ZrnHep zircon cooling..0 on Thu, 29 Oct 2015 18:33:15 PM
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ture in the Kali Gandaki Valley, our research project
was designed as an attempt to establish the extent of
Quaternary deformation on low-angle, N-dipping
ically lowest Tibetan Sedimentary Sequence units
exposed in our study areas. This package has also
been referred to in the published literature as the
136 J . A . M CD E RMOTT E T A L .faults in the transition zone, to explore the regional
significance of these structures, and to set limits on
themagnitudeofQuaternaryslipontheseextensional
structures. Our fieldwork also led us to the Myagdi
Khola River valley to the west, a drainage that flows
southward fromtheDhaulagiriMassif and crosses the
basal STFS a fewkilometers southwest of the summit
of Dhaulagiri I (figs. 1, 2B).
In both valleys, the basal STFS structure sepa-
rates tectonostratigraphic packages that experienced
distinctively different structural and metamorphic
histories during the Cenozoic Era. In the Kali Gan-
daki Valley, the basal STFS structure is represented
by the Miocene Annapurna Detachment first de-
scribed by Brown andNazarchuk (1993). The equiva-
lent structure has been mapped farther east in the
Annapurna Himalaya (fig. 1) as the Deorali Detach-
ment in the Modi Khola Valley (Hodges et al. 1996)
and the Chame Detachment in the Marsyandi Val-
ley (Coleman 1996; Coleman and Hodges 1998). The
footwall of the basal STFS detachment in all of these
areas comprises upper-amphibiolite-facies pelitic,
calc-silicate, and augen orthogneisses of the Greater
Himalayan Sequence. These rocks are thought to
represent the metamorphosed equivalents of Late
Proterozoic–Cambrian strata originally deposited
along the northern margin of Greater India, and they
were intruded in places by Ordovician granites
(Hodges 2000; Gehrels et al. 2011). In the Annapurna-
Dhaulagiri Himalaya, the Greater Himalayan Se-
quence consists of a lowermost kyanite-bearing para-
gneiss (Formation I of Le Fort 1975). Overlying rocks
are primarily calc-silicate gneisses with minor cal-
careous and psammatic schists and marbles (Forma-
tion II) and augen orthogneisses of Formation III.
The basal STFS hanging wall in the Annapurna-
Dhaulagiri Himalaya comprises greenschist-facies
to essentially unmetamorphosed carbonate and sili-
ciclastic rocks of the Tibetan Sedimentary Sequence
(e.g., Le Fort 1975). This succession represents nearly
continuous Paleozoic to Eocene deposition on the
northern Indian margin before the Indian-Eurasian
collision (e.g., Bordet et al. 1971; Gaetani and Gar-
zanti 1991;Godin 2003). In theAnnapurna-Dhaulagiri
region, the basal unit of the Tibetan Sedimentary
Sequence is the Sanctuary Formation, a package of
deformed, low-grade schists, sandstones, and lime-
stones that crops out in the isolated hinges of fold
nappes exposed east of the Kali Gandaki Valley
(Pêcher 1978; Godin 2003). Overlying calcareous
schists andminor interstratified siliciclastic rocksof
the Annapurna Yellow Formation are the stratigraph-This content downloaded from 23.235.32
All use subject to JSTOR TAnnapurna Formation, theYellowFormation, or the
Larjung Series (Bordet et al. 1971; Colchen et al.
1981; Godin 2003).
As is the case throughout the central Himalaya,
the Greater Himalayan Sequence in the Annapurna
andDhaulagiri Ranges has been intruded bymultiple
generations of leucogranitic dikes and sills, most of
which appear to be of Miocene age (Hodges et al.
1996). The extent to which these leucogranites per-
sist structurally upward, across the STFS, is contro-
versial. Several research teams have reported the
occurrence of leucogranites (including the large Ma-
naslu Pluton; fig. 1D) intruding the Tibetan Sedi-
mentary Sequence in this region (e.g., Guillot et al.
1993, 1995; Hodges et al. 1996; Godin et al. 2001). By
reinterpreting the Annapurna, Deorali, and Chame
Detachments as structures distinctive fromtheSTFS,
as mapped elsewhere in the Himalaya, and mapping
structurally higher normal faults as the basal STFS
sensu stricto, Searle and Godin (2003) concluded that
few or no leucogranites have intruded into the STFS
hanging wall. In this contribution, we retain the tra-
ditional interpretation of the Annapurna Detach-
ment (and its along-strike equivalents) as the basal
STFS structure in the region (e.g., Brown and Na-
zarchuk 1993; Hodges et al. 1996; Hurtado et al.
2001). On the basis of that definition, we have docu-
mented numerous small dikes and sills of leucogran-
ites above the STFS in the Kali Gandaki and Myagdi
Khola Valleys, especially intruding stratigraphically
lower units of the Annapurna Yellow Formation.
The youngest stratified units in the Kali Gandaki
Valley are basin-fill lithologies and unconsolidated
sediments of the Thakkhola Graben (Hurtado et al.
2001; Garzione et al. 2003). Deposited unconform-
ably on Tibetan Sedimentary Sequence units, they
range inage fromupperMiocene toQuaternary.Only
Quaternarystrataof thebasin-fill succession (ca.35ka
and younger) are exposed in the area of figure 2A. As
discussed further below,Quaternary basin-fill strata
are of value in constraining the structural evolution
of the upper Kali Gandaki drainage because they
constrain the latest phase of slip on theDangardzong
Fault—the principal growth structure of the graben
(figs. 1, 2A)—to between 150 and 17 ka, probably
closer to the younger date (Hurtado et al. 2001). Very
young strata that overlap the youngest deforma-
tional structures in the valley include extensive and
probably diachronous landslide deposits (especially
between the villages of Tukche and Dhumpu in
fig. 2A), lacustrine sediments probably deposited
when landslides temporarily dammed the Kali.0 on Thu, 29 Oct 2015 18:33:15 PM
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Gandaki at various times in the recent past, and
modern alluvium (Fort 2000; Hurtado et al. 2001).
The oldest penetrative fabrics in bedrock expo-
facies schists and gneisses, with deformed leucogra-
nitic dikes and sills, contain a distinctive mylonitic
fabric that is subparallel to the Greater Himala-
Journal of Geology 137P L E I S T OC EN E L OW - ANG L E NORMA L F AU L T I NG I N N E P A Lsures above and below the basal STFS structure in
this region are generally NW-SE-striking, moder-
ately NE-dipping schistosities and associated NNE-
NE-plunging lineations (Hodges et al. 1996; Vannay
and Hodges 1996) that are synmetamorphic with
respect to Miocene regional metamorphism. In the
Kali Gandaki Valley, at the base of Formation III,
older L-S fabrics were overprinted by noncoaxial
strain fabrics related to the Kalopani Shear Zone of
Vannay and Hodges (1996). On the basis of field
examination of shear-sense indicators, this low-
angle, N-dipping ductile shear zone was interpreted
by Vannay and Hodges (1996) as having accom-
modated late-metamorphic reverse slip during the
Miocene. We were unable to find good exposures
of the appropriate structural levels in the Myagdi
Khola Valley and thus could not confirm the ex-
tension of this structure to the west. (In fig. 2B, we
designate the basal contact of Formation III with a
dashed line.) However, a reverse-sense shear zone
at the same structural position was mapped by
Hodges et al. (1996) in the Modi Khola Valley,
roughly 50 km east of the Kali Gandaki Valley, as
the Modi Khola Shear Zone (fig. 1). In the Kali
Gandaki Valley, Kalopani Shear Zone fabrics dom-
inate the structure of Formation III to within 100 m
of the Greater Himalayan Sequence–Tibetan Sedi-
mentary Sequence contact, beyond which they are
overprinted by noncoaxial fabrics related to the
STFS (described below).
In contrast to the broadly uniform northeastward
dip of compositional layering in the Greater Hima-
layan Sequence, bedding planes in the more weakly
metamorphosed to unmetamorphosed units of the
TibetanSedimentarySequenceabove thebasal STFS
have been deformed into abundant mesoscopic and
macroscopic folds. Godin et al. (1999) and Godin
(2003) identified several generations of folds, mostly
predating the STFS, and they inferred an Oligocene
age for those structures.
Fold structures in the Tibetan Sedimentary Se-
quence are cut by a variety of high-angle, N- to NE-
striking brittle faults, including the Dangardzong
Fault. All are regarded as related to opening of the
Thakkhola Graben (Hurtado et al. 2001; Godin
2003).
Structural Character of the Greater Himalayan
Sequence–Tibetan Sedimentary Sequence Transition in
the Kali Gandaki and Myagdi Khola Transects. In the
Kali Gandaki Valley, the Annapurna Detachment
is exposed low in a tributary catchment at 28739′
54″N, 83735′06″E (fig. 2A). Footwall amphibolite-This content downloaded from 23.235.32
All use subject to JSTOR yan Sequence–Tibetan Sedimentary Sequence con-
tact. S-C fabrics and stretching lineations in these
rocks indicate normal-sense (hanging wall to the
northeast) displacement during ductile deformation
related to the Annapurna Detachment (Brown and
Nazarchuk 1993; Godin et al. 1999). These nonco-
axial fabrics persist upward into the Tibetan Sedi-
mentarySequenceover a structural distanceof about
100 m. A 5-m-thick zone of fault breccia oriented
roughly parallel to the Annapurna Detachment
marks the actual Greater Himalayan Sequence–
Tibetan Sedimentary Sequence contact. While
Brown and Nazarchuk (1993) and Godin et al. (1999)
interpreted these brittle deformation features as re-
lated to the late stages of slip on the Annapurna
Detachment, additional mapping by Hurtado et al.
(2001) to the east, across the main Kali Gandaki
Valley, showed that the prototypical exposure of
the Annapurna Detachment in the tributary valley
was, in fact, a segment of the detachment that had
been reactivated as part of the later, brittle Dhumpu
Detachment (fig. 2A). Inasmuch as this article fo-
cuses on the reactivated segment of the Annapurna
Detachment, we refer to it here as the Annapurna-
Dhumpu Detachment to avoid confusion.
In the Myagdi Khola Valley, the Greater Hima-
layan Sequence–Tibetan Sedimentary Sequence
contact has a structural expression almost identi-
cal to that found in the Kali Gandaki Valley, so we
are confident interpreting that contact as another
exposure of the Annapurna-Dhumpu Detachment.
It is particularly well exposed ca. 1 km north of
Shaulagiri at 28740′23.8″N, 83725′08.5″E (fig. 2B).
The immediate footwall there consists of highly
sheared amphibolite-facies augen orthogneisses of
the Greater Himalayan Sequence intruded by nu-
merous leucogranitic dikes and sills that account
for roughly 50% of outcrops by volume. Leucogra-
nitic intrusions persist across the detachment into
the lower-grade Tibetan Sedimentary Sequence
calc-schists in the hanging wall. Ductile deforma-
tional fabrics, similar to those observed in the Kali
Gandaki Valley, are also found in the footwall and
hanging wall in the Myagdi Khola Valley (Larson
and Godin 2009). Brittle deformation is evidenced
by a narrow brecciated zone along the fault that
dips ca. 207 N.
Structural Character of the Dhaulagiri Detachment.
A second brittle detachment, previously described
by Hurtado (2002) and linked to the slip on the STFS
(STF3 of Hurtado 2002), has been identified struc-
turally above the Annapurna-Dhumpu Detachment..0 on Thu, 29 Oct 2015 18:33:15 PM
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This “Dhaulagiri Detachment” is exposed on the
west side of the Kali Gandaki Valley in a recently
excavated road cut ∼2.5 km north of the village of
crete fault. Footwall rocks display a strong brittle-
ductile shear fabric (328/26) that dips subparallel to
the fault plane, as well as a down-dip stretching
138 J . A . M CD E RMOTT E T A L .Larjung at 28742′22.2″N, 83738′02.9″E (fig. 3). It
crops out as a discrete, shallow-dipping (293/8 NE)
fault surface entirely within calcareous schist and
psammite of the Annapurna Yellow Formation.
Although the fault does not correspond to a litho-
logic boundary, it does mark a metamorphic dis-
continuity: greenschist-facies calcareous schists in
the footwall against essentially unmetamorphosed
phyllite and limestone in the hanging wall. De-
formed Miocene leucogranitic dikes and sills are
relatively abundant in the footwall but are absent
from the hanging wall. Within the fault zone, both
hanging-wall and footwall rocks are variably brec-
ciated in a zone extending up to 200 m from the dis-This content downloaded from 23.235.32
All use subject to JSTOR Tlineation (030/17), but no definitive shear-sense in-
dicators were found near the detachment in the Kali
Gandaki Valley. Hanging-wall rocks are deformed
into macroscale folds that can be traced along the
high peaks of Dhaulagiri, Nilgiri, and Annapurna
(e.g., Colchen et al. 1980). These folds are truncated
by the Dhaulagiri Detachment, so the fault serves
as a structural boundary as well, separating NE-
dipping rocks in the immediate footwall from near-
horizontal to shallowly S-dipping rocks in the im-
mediate hanging wall (fig. 3). The detachment can
be traced relatively easily for a short distance to the
east into the Annapurna Range before it is buried
by Quaternary landslides. Young landslide depositsFigure 3. View of the Dhaulagiri Detachment in the Kali Gandaki River valley. Picture taken on the east side of the
Kali Gandaki River ∼1.5 km to the south of Tuckche, view to the ∼N457W. The fault crops out as a discrete structure
with immediate footwall consisting of a grey cataclasite juxtaposed against hanging-wall yellow-weathering breccia.
Hanging-wall strata are exposed in a cliff face ∼200 m high above the fault, with compositional layering dipping at a
much shallower angle than footwall rocks. Field assistant (∼185 cm) for scale in close-up picture of the fault (bottom
center)..0 on Thu, 29 Oct 2015 18:33:15 PM
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obscure the region of probable intersection between
the Dhaulagiri Detachment and the Dangardzong
Fault, but seemingly offset traces of the latter struc-
calcareous schists of the Annapurna Yellow For-
mation. Footwall rocks exhibit a strong schistos-
ity (280/38) subparallel to the fault plane, while
and Dhaulagiri Detachments
Journal of Geology 139P L E I S T OC EN E L OW - ANG L E NORMA L F AU L T I NG I N N E P A Lture to the north-northeast and the south-southwest
suggest possible right-lateral separation of the
Dangardzong Fault by the Dhaulagiri Detachment
(fig. 2A). The trace of theDhaulagiri Detachment dips
subparallel to, but slightly shallower than, the dom-
inant schistosity of the footwall rocks; on the basis
of this relationship, the trace of the Dhaulagiri De-
tachment can be delineated trending toward, but not
quite intersecting with, the Annapurna Detachment
in the valley to the west of Dhumpu before the struc-
ture is lost in the snowfields high on the Dhaulagiri
Massif (fig. 4).
In the Myagdi Khola Valley, the Dhaulagiri De-
tachment crops out as a discrete brittle-ductile
shear zone (293/8 NE) in the glacial valley just
north of the Italian base camp (28742′01.3″N, 83726′
06.4″E; fig. 2B). As is the case in the Kali Gandaki
Valley, the detachment crops out entirely withinF
l
i
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All use subject to JSTOR hanging-wall rocks display no detachment-related
ductile fabrics. The fault is marked by a ca. 2-m-
thick zone of fine breccia that dips ∼207 NE. Sub-
jacent footwall rocks contain well-developed duc-
tile fabrics, and pervasive leucogranitic dikes in the
footwall exhibit asymmetric extensional boudi-
nage (fig. 5). These and other shear-sense indicators,
as well as a ∼062/28 stretching lineation, are con-
sistent with hanging wall down-to-the-northeast
(normal-sense) slip. Similar to the Kali Gandaki
Valley, small, discordant leucogranite dikes are
found throughout the footwall. Although several
dikes can be traced into the fault zone in theMyagdi
Khola Valley, all of these dikes display cataclastic
deformation fabrics and clearly predate the Dhau-
lagiri Detachment.
Thermochronologic Constraints on the Recent
Slip History of the Annapurna-DhumpuHurtado et al. (2001) postulated that brittle slip on
the Annapurna-Dhumpu Detachment took place
during the Quaternary on the basis of mapped field
relationships east of the Kali Gandaki Valley. The
critical field relationship—truncation of the Dan-
gadzong Fault by the Annapurna-Dhumpu Detach-
ment—suggests that the detachment experienced
at least minor slip after 150 ka, the maximum age
of the youngest basin-fill units cut by the Dan-
gadzong Fault (fig. 2A). In addition, possible offset
of the Dangadzong Fault by the Dhaulagiri De-
tachment—something that is implied by the map
relations but that we were unable to confirm be-
cause of poor exposure—would suggest similarly
young displacement on the Dhaulagiri Detach-
ment. Bedrock thermochronology provides a way
to explore further the timing of latest slip on both
structures. If significant Quaternary slip had oc-
curred, we would expect the detachment traces to
mark a discontinuity in hanging-wall and footwall
cooling ages consistent with young, normal-sense
deformation. Specifically, if such discontinuities
exist, we would expect footwall cooling ages to be
younger than hanging-wall cooling ages, and the
footwall ages themselves would provide upper age
bounds for significant fault slip.
Published zircon fission-track (ZrnFT) thermo-
chronometric data from the Kali Gandaki Valley
are indeed consistentwith theAnnapurna-Dhumpu
Detachment, the Dhaulagiri Detachment, or both,
having sustained significant Quaternary slip. Indic-igure 4. View of the Annapurna-Dhumpu and Dhau-
agiri Detachments across the Kali Gandaki River to the
mmediate north of the village of Dhumpu. View is due
est..0 on Thu, 29 Oct 2015 18:33:15 PM
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Annapurna-Dhumpu Detachment footwall are Plio-
cene or Quaternary (Arita and Ganzawa 1997),
whereas dates from samples collected north of the
trace of the detachment—and thus in its hanging
140 J . A . M CD E RMOTT E T A L .This content downloaded from 23.235.32
All use subject to JSTOR Twall—are Miocene (Crouzet et al. 2007; figs. 2A,
6). However, the geographic distribution of dated
ZrnFT samples is such that the interpretation of the
age differences as uniquely indicative of Quaternary
movement on the Annapurna-Dhumpu Detach-
ment is disputable. For example, the Miocene dates
are for samples collected ∼17 and ∼6 km north of
the trace of the Annapurna-Dhumpu and Dhaula-
giri Detachments, respectively; thus, the observed
ZrnFT discontinuity could result from slip on either
or both detachments.
In order to better constrain the character of the
cooling-age pattern, we determined (U-Th)/He cool-
ing ages for zircons and apatites—referred to here
as ZrnHe and ApHe dates, respectively—from a
suite of samples from the Kali Gandaki and Myagdi
Khola drainages (figs. 2, 6; tables S1a, S1b, avail-
able online). Below we discuss the results of this
work in the context of three structural packages
separated by the two detachments: the Dhaulagiri
Detachment hangingwall, theAnnapurna-Dhumpu
Detachment hanging wall, and the Annapurna-
Dhumpu Detachment footwall. (Note that the
Annapurna-Dhumpu hanging-wall package also cor-
responds to the immediate footwall of the Dhaula-
giri Detachment.)
Many low-temperature thermochronology stud-
ies are designed to shed light on bedrock exhuma-
tion histories and landscape evolutionary processes
in tectonically active areas; optimal strategies for
such studies typically involve the collection of sam-
ples along elevation profiles (Braun 2005). For this
study, however, our goal was to constrain the rela-
tive cooling and exhumation histories of rock
packages on either side of normal faults that dip at
low angles (ca. 207–257) in a direction opposite to the
steep topographic gradient of the Himalayan front.
Because of this, we aimed to collect samples at
similar elevations across the strike of the faults
and the fall line of the Himalayan front. In a study
area with more than 6000 m of local relief, the Kali
Gandaki and Myagdi Khola drainages provided the
best such opportunities. Although numerous sam-
ples were collected from all three packages in the
two drainages, we were able to separate datable
apatite from only 12 samples (seven from the Kali
Gandaki Valley, five from theMyagdi Khola Valley)
and datable zircon from only three samples, all
collected in the Kali Gandaki Valley. Only two Kali
Gandaki samples yielded both zircon and apatite
(U-Th)/He dates. Samples were collected over total
elevation ranges of roughly 800 m (2057–2846 m)ative of the timing of cooling of samples below
ca. 2057C (Bernet 2009), ZrnFT dates from the
Figure 5. Details of the Dhaulagiri Detachment in the
Myagdi Khola Valley. All photos taken due east. A, The
Dhaulagiri Detachment crops out as a highly brecciated
zone varying in thickness from ∼2 to 8 m. B, The brec-
ciated fault zone is defined by a recessive weathering
horizon, allowing the fault to easily be traced toward the
snowfields of Dhaulagiri to the east. C, Asymmetric
extensional boudin in the footwall of the Dhaulagiri
Detachment, showing top-to-the-north normal-sense
displacement. Highly sheared leucogranite dikes are
found at all structural levels within the footwall of the
fault and are brittlely deformed within the brecciated
zone. No leucogranite dikes are found in the hanging
wall of the Dhaulagiri Detachment..0 on Thu, 29 Oct 2015 18:33:15 PM
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and the Myagdi Khola, respectively (fig. 6).
The structurally lowest samples selected for dat-
2 and MK-3).
Both zircon and apatite are relatively uncommon
Journal of Geology 141P L E I S T OC EN E L OW - ANG L E NORMA L F AU L T I NG I N N E P A Ling were from rocks of the Greater Himalayan Se-
quence in the footwall of the Annapurna-Dhumpu
Detachment, either Formation III augen ortho-
gneiss or subjacent Formation II calc-silicate gneiss.
Both zircon and apatite are relatively common ac-
cessories in Formation III orthogneiss, but euhe-
dral, inclusion-free grains of both minerals (and es-
pecially zircon) are much less common. Only two
Annapurna-Dhumpu footwall samples, both For-
mation III orthogneiss (KG-2 and KG-4), yielded
both apatite and zircon suitable for dating.
Outcrops in the Annapurna-Dhumpu hanging
wall are typically greenschist-facies calc-schists
and impuremarbles of the lower Annapurna Yellow
Formation. Zircon suitable for (U-Th)/He dating
was found in only one calc-schist sample at a rela-
tively deep structural level in this intermediate
package (KG-8). Apatite is somewhat more abun-
dant in this package, but we identified datable eu-
hedral or subhedral apatite in only one Kali GandakiThis content downloaded from 23.235.32
All use subject to JSTOR in the Annapurna Yellow Formation calc-schists
and impure marbles of the Dhaulagiri hanging wall.
In all of the samples from this structural package
that we examined petrographically, the grain size
of zircon was too small for analysis. Most observed
apatites contained high-birefringence inclusions
(possibly zircon or monazite) that made them un-
suitable for (U-Th)/He dating. Only one sample
from each drainage—KG-1 from the Kali Gandaki
andMK-1 from theMyagdi Khola—yielded apatites
that were sufficiently large, euhedral, and optically
free of inclusions. Analyticalmethods are discussed
in detail in the appendix, available online.
Results. A number of previous studies of Greater
Himalayan Sequence samples from Nepal have
yielded Pliocene–Quaternary fission-track and (U-
Th)/He dates (e.g., Blythe et al. 2007; Robert et al.
2009; Herman et al. 2010; Nadin and Martin 2012;
Streule et al. 2012; McDermott et al. 2013), and our
samples from the Annapurna-Dhumpu footwall inand 1.2 km (2650–3854 m) along the Kali Gandaki sample (KG-3) and twoMyagdi Khola samples (MK-
Figure 6. Simplified cross-sections along the Kali Gandaki (top: A-A′) and Myagdi Khola (bottom: B-B′) Valleys,
showing the distribution of zircon fission-track and apatite and zircon (U-Th)/He dates. Section lines are indicated in
figures 2A and 2B, respectively. Symbols and color scheme are the same as in figure 2. Note: vertical exaggeration is
not the same for both cross sections. For new (U-Th/He) dates (circles; in Ma), apatite cooling ages are indicated with
an “A” preceding the date, and zircon cooling ages are noted with a “Z” preceding the date. In the Kali Gandaki Val-
ley, zircon fission-track ages are from Crouzet et al. (2007). Abbreviations: A-DD p Annapurna-Dhumpu Detach-
ment; DD p Dhaulagiri Detachment; KSZ p Kalopani Shear Zone; STFS p South Tibetan Fault System..0 on Thu, 29 Oct 2015 18:33:15 PM
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both the Kali Gandaki and Myagdi Khola Valleys
corroborate those results (figs. 2, 6; tables S1a, S1b).
Weighted-mean ZrnHe dates from this structural
atively large uncertainties on these dates—a con-
sequence of their lowuraniumcontents—both dates
are roughly an order of magnitude older than dates
142 J . A . M CD E RMOTT E T A L .package were statistically indistinguishable: 2.375
0.32 and 2.915 0.79 Ma. ApHe dates were all Pleis-
tocene, ranging from 0.275 5 0.094 to 0.94 5 0.22
Ma. Despite the narrow range, the observed disper-
sion of weighted-mean dates is significantly greater
than would be expected from analytical imprecision
alone (even after MSWD correction). The dates do
not correlate well with elevation, as is evident be-
cause the collection localities for the youngest and
oldest samples differed in elevation by only about
140 m. Likewise, there is no significant positive
correlation between crystal size or effective uranium
contents of the apatites that might help to explain
the dispersion as a consequence of variable diffusion
domain size or radiation damage (cf. Shuster et al.
2006). Other plausible sources for the variation are
U1Th zoning in the apatites (Meesters and Dunai
2002; Hourigan et al. 2005), the effects of alpha im-
plantation from neighboring high-U1Th minerals
in the sample (Spiegel et al. 2009; Gautheron et al.
2012), or the effects of high-U1Th inclusions that
were not detected during microscopic examination
of the grains before analysis.
Samples from the Annapurna-Dhumpu hanging
wall have ZrnHe and ApHe dates that are very
slightly older, on average, than those for the foot-
wall. Zircon from sample KG-8 yielded a weighted-
mean date of 3.28 5 0.41 Ma, while apatites from
three samples yielded weighted-mean dates of 1.395
0.12, 1.22 5 0.22, and 0.51 5 0.21 Ma. The two
older ApHe dates are from elevations in the Myagdi
Khola drainage higher than that for the younger
date from the Kali Gandaki, suggesting that the
difference may be related to regional topographic
variations. However, within a single transect and
at similar elevations, there appears to be no statis-
tically significant difference between ZrnHe and
ApHe dates from the Annapurna-Dhumpu footwall
and those from the hanging wall, given our esti-
mates of analytical precision. For example, apatites
from KG-4 and KG-3, collected on opposite sides of
the Annapurna-Dhumpu Detachment trace in the
Kali Gandaki drainage, yielded statistically indis-
tinguishable (U-Th)/He dates of 0.60 5 0.38 and
0.515 0.21 Ma.
In contrast, the available ApHe data from the
Dhaulagiri hanging wall—though sparse—indicate
a distinctive low-temperature cooling history for
that structural package that is consistent with the
previously published ZrnFT data of Crouzet et al.
(2007). Samples from each drainage (KG-1 and MK-
1) yielded statistically indistinguishable dates of
10.85 1.4 and 9.15 2.5 Ma. Regardless of the rel-This content downloaded from 23.235.32
All use subject to JSTOR Tfor deeper structural levels.
Modeled Pleistocene Exhumation Histories. The
simplest interpretation of thermochronologic dates
is that they represent the time in the past at which
minerals cooled through their nominal closure tem-
peratures (the temperature thought to correspond
to the determined cooling age of a sample). Dod-
son (1973) showed how these temperatures could
be quantified, under the assumption of a constant
cooling rate, as a function of cooling rate, effective
diffusion dimension (typically crystal size for (U-
Th)/He thermochronometers), and laboratory con-
straints on the temperature dependence of daughter-
element diffusivity. For rapidly exhuming regions
such as the Himalaya, the dependence of closure
temperature on cooling rate is weak (Reiners and
Brandon (2006). The crystal sizes of the minerals
we dated—coupled with kinetic parameters for 4He
diffusion published by Farley (2000) and Reiners
et al. (2004)—suggest nominal bulk closure temper-
atures of ca. 707 and 1857C for apatite and zircon,
respectively. Assuming that cooling of the samples
through those temperatures is a manifestation of ad-
vection of rocks upward toward the surface through
a dynamic geothermal gradient, the dates can be
used to calculate rates of exhumation since closure
(Willet and Brandon 2013).
The size and spatial distribution of our (U-Th)/He
data set do not lend themselves well to the kind
of numerical, multidimensional thermal-kinematic
modeling that is being used with increasing fre-
quency to extract exhumation rates from thermo-
chronometric dates (e.g., Whipp et al. 2007; Herman
et al. 2010), so we present below the results of
simple one-dimensional analytical models based on
approaches outlined by Willett and Brandon (2013;
see also Moore and England 2001). Although a one-
dimensional approach simplifies the examination
of denudation to a predominantly vertical compo-
nent, previous work in the Himalaya has shown
that lateral variations in the geothermal gradient
are of relatively limited importance for (U-Th)/He
and fission-track thermochronometric systems in
regions experiencing high erosion rates (Whipp
et al. 2007, 2009; Thiede and Ehlers 2013). Our one-
dimensional calculations—which we refer to as
“transientmodels”—used the “evolving half-space”
approach of Willett and Brandon (2013), which takes
both heat advection and conduction into account
and features a constantly evolving geotherm. That
method requires input of the modern geothermal
gradient (presumed to be linear in the near-surface
region), a mean elevation, the mean surface tem-.0 on Thu, 29 Oct 2015 18:33:15 PM
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perature at that elevation, and an age for the onset
of the most recent phase of exhumation responsi-
ble for bringing dated samples to the surface.
elevation for each sample by averaging over a cir-
cular area, centered on the sampling site, with a
radius of approximately 2.5 km. We assumed a
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are typically high. Derry et al. (2009). estimated a
very high value of 757C/km based on work in cen-
tral Nepal, including our study area. This estimate
is based on fluid inclusion work done on samples
collected from structural levels corresponding to
the Annapurna-Dhumpu footwall as defined in this
study, and the high geothermal gradient is consis-
tent with thermochronologic evidence for rapid
exhumation at this structural level. It is unclear
whether such a high geothermal gradient also ap-
plies to regions corresponding to outcrop areas of
the Annapurna-Dhumpu and Dhaulagiri hanging
walls. For illustrative purposes, we compare in ta-
ble 1 results based on two geothermal gradient as-
sumptions: one the empirical value of 757C/km and
the other the much lower value of 357C/km.
While the elevations at which samples were col-
lected were measured, it is important to account
for the local effects of topography on the evolving
thermal field during exhumation, and this is most
effectively done by adjusting the elevations to a
local “mean” elevation (Braun 2002). We did so by
following the approach outlined by Willett and
Brandon (2013), which involved computing a meanTable 1. Modeled Exhumation Histories
Transient m
(Gmodp 757C
Dhaulagiri hanging wall:a
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13). Ėp exhumation r
et su
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of 57C.
For the Dhaulagiri Detachment hanging-wall
samples, which yielded Late Miocene ApHe dates,
we assumed an onset for the most recent exhuma-
tion phase at 20 Ma, consistent with the findings of
previous higher-temperature thermochronology
studies in the area (Vannay and Hodges 1996). For
samples from farther south and at deeper structural
levels, the same assumption is likely to be incorrect
because of evidence in the region for accelerated
exhumation since the Pliocene (Huntington and
Hodges 2006; Huntington et al. 2006; Whipp et al.
2007; McDermott et al. 2013), and we instead as-
sumed onset for the most recent exhumation phase
at 4 Ma (just slightly older than the oldest ZrnHe
date).
Transient models based on ApHe data for the
Dhaulagiri hanging wall (table 1) indicate low av-
erage exhumation rates (Ė) of 0.041–0.058 km/Ma,
assuming a modern geothermal gradient (Gmod) of
757C/km, or 0.13–0.16 km/Ma, assuming Gmod p
357C/km. Such rates imply that the Péclet number
for heat transport—the ratio of heat advection to
heat diffusion—was low over most of the exhu-odels
/km)
Transient models
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Annapurna-Dhumpu hanging wall:
ZrnHe model (based on
3 dates from 1 sample)
ApHe models (based on
.83 2.1 . . . 4.8 12 . . .12 dates from 3 samples) .52–1.7 1.3–4.4 1.2–4.3 1.5–5.6 3.9–14 3.5–14
Annapurna-Dhumpu footwall:b
ZrnHe models (based on
6 dates from 2 samples)
ApHe models (based on
1.1–1.3 2.8–3.4 . . . 9.0–13 23–34 . . .26 dates from 7 samples) 1.1–2.6 2.8–6.7 2.7–6.6 4.4–31 11–80 11–80theNote. Transient solutions (assumin changing ge hermal gr ients due heat advect n) are calc ated with
he base of the
ary
approaches of Willett and Brandon (20
Quaternary Period (2.58 Ma; Gibbard al. 2010), as ming con tant Ė; DEQ estimate o et differen l Quatern
exhumation between the structural unit and the Dhaulagiri Detachment hanging wall. Helium diffusion kinetic
parameters are from Farley (2000) for ApHe and from Reiners et al. (2004) for ZrnHe. Modeling assumed two different
values for the modern geothermal gradient (Gmod): the 757C/km value estimated for this area by Derry et al. (2009) and
a low value of 357C/km for illustrative purposes. The surface temperature was assumed in all cases to be 57C, and
sample elevations above the mean elevation in the area were estimated with equation (2) of Willett and Brandon
(2013). ApHe p apatite cooling age; ZrnHe p zircon cooling age.
a Onset of exhumation event assumed to be 4 Ma.
b Onset of exhumation event assumed to be 20 Ma.
mation interval. For purposes of illustration, we
have defined a quantity EQ as the amount of ex-
humation implied by an average exhumation rate
for all footwall units, which minimizes the appar-
ent differential exhumation above and below the
Dhaulagiri Detachment, still leads to a minimum
144 J . A . M CD E RMOTT E T A L .since the beginning of the Quaternary Period at
2.58 Ma (Gibbard et al. 2010). For the Dhaulagiri
hanging wall, the assumption of exhumation at a
constant rate since Late Miocene ApHe closure
implies EQ p 0.10–0.15 or 0.34–0.41 km, depend-
ing on which Gmod value we choose. Although ex-
humation rates for this structural package may
have increased since the Late Pliocene, they can-
not have increased much; otherwise, the measured
ApHe dates for this structural package would be
much younger, given the likely shallow depth of
the ApHe closure isotherm.
Transient models for the Annapurna-Dhumpu
hanging wall and footwall suggest exhumation
rates that were more than an order of magnitude
faster than those of the Dhaulagiri hanging wall
using a single value forGmod (the sameGmod value for
rock packages on both sides of the fault), or at least
three times faster even if we assume a Gmod for the
Annapurna-Dhumpu hanging wall drastically lower
(357C/km) than that for its footwall (757C/km; ta-
ble 1). Only one ZrnHe date from the Annapurna-
Dhumpu hanging wall could be modeled, but its
estimated exhumation rate (0.83 or 4.8 km/yr for
the higher and lower Gmod values, respectively) are
within the ranges of values modeled for the ApHe
dates from the same package, implying that the data
are collectively consistent with exhumation at a
more or less constant rate since ZrnHe closure at
ca. 3.3 Ma. The same is broadly true for transient
Annapurna-Dhumpu footwall models, with Ė val-
ues calculated fromZrnHe dates ranging from 1.1 to
1.3 km/Ma (or 9.0–13 km/Ma for the lower assumed
geothermal gradient) and those calculated from
ApHe dates ranging from 1.1 to 2.6 km/Ma (or 4.4–
31 km/Ma for Gmodp 357C/km). For the most part,
calculated EQ values for the Annapurna-Dhumpu
footwall samples are higher than those for hanging-
wall samples, consistent with limited differential
slip across this detachment during the Pleistocene.
Table 1 also shows calculated values for DEQ, the
difference, based on ApHe dates, between EQ values
for the Dhaulagiri hanging wall and those for the
two other structural packages. (A similar calcula-
tion based on ZrnHe dates was not possible because
we found no datable zircon in the Dhaulagiri hang-
ing wall.) The transient models based on Gmod p
757C/km suggest 1.2–4.3 km more exhumation of
the Annapurna-Dhumpu hanging wall and 2.7–6.6 km
more exhumation of the Annapurna-Dhumpu foot-
wall, as compared to the Dhaulagiri hanging wall,
during the Pleistocene. Using Gmod p 357C/km for
the Dhaulagiri hanging wall and Gmod p 757C/kmThis content downloaded from 23.235.32
All use subject to JSTOR TDEQ of at least ca. 0.89 km.
Sensitivity Analysis of Models and Comparisons with
Other Average Exhumation Rate Estimates. The value of
modeling exercises like these is always limited by
our confidence in the assumptions behind them.
Our assumption regarding different initiation ages
of the latest exhumation event in different struc-
tural packages—20 Ma for the Dhaulagiri hanging
wall and 4 Ma for the Annapurna-Dhumpu hanging
wall and footwall—has an effect on the magnitude
of modeled Ė, EQ, and DEQ values. However, chang-
ing the initiation age to a uniform value of 20 Ma
for all structural packages would lead to only about
a 3% reduction in modeled Ė. Changes of that
magnitude would not influence the essential find-
ing that Quaternary exhumation rates were at least
an order of magnitude lower in the Dhaulagiri
hanging wall than in structurally lower rock pack-
ages.
Exhumation rates at all structural levels are
highly sensitive to the assumed value of Gmod. For
comparative purposes in table 1, we have presented
the results of modeling assuming both the high
value preferred for this region by Derry et al. (2009)
and a much lower value more in keeping with typ-
ical continental values (357C/km). The lower value
ofGmod results in large increases inmodeled Ė for all
structural levels, but the dramatic difference be-
tween Pleistocene exhumation rates of the Dhau-
lagiri hanging wall and those of deeper structural
packages remains. The same is true even if we as-
sume the 357C/km value for the hanging wall and
757C/km for deeper structural levels exposed south
of the trace of the Dhaulagiri Detachment. Our
transient models carry with them the implicit as-
sumption that conduction and advection were the
only operative modes of heat transfer. In detail this
is certainly incorrect, insofar as there is abundant
evidence for hydrothermal activity in the lowerKali
Gandaki and Myagdi Khola Valleys. As noted by
Derry et al. (2009), hydrothermal fluid circulation
has the potential to influence the closure behavior
of low-temperature thermochronometers and could
compromise efforts to interpret closure ages as in-
dicative of exhumation rates. Whipp and Ehlers
(2007) explored this effect explicitly for the south-
ern flank of the Annapurna Range, using a three-
dimensional, coupled hydrologic and thermokine-
matic model. They estimated that models failing to
account for fluid advection of heat could underes-
timate exhumation rates by on the order of 200%.
However, hydrothermal activity is highly localized
in the Himalaya. Within our field area, modern.0 on Thu, 29 Oct 2015 18:33:15 PM
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hydrothermal deposits of significant extent have
been described only near Tukche, in the immediate
hanging wall of the Dhaulagiri Detachment (Hur-
dramatic such change in our data set—from Late
Pliocene–Pleistocene ZrnHe and ApHe dates south
of the trace of the Dhaulagiri Detachment to Late
Journal of Geology 145P L E I S T OC EN E L OW - ANG L E NORMA L F AU L T I NG I N N E P A Ltado 2002). The only one of our samples collected in
this area (KG1) also yielded the oldest ApHe date of
our entire data set (10.85 1.4 Ma). Heating of this
sample by young hydrothermal fluids, if it hap-
pened at all, did not affect its helium isotopic sys-
tematics enough to reduce the discrepancy between
its apparent age and those of apatites from deeper
structural levels. Most modern and ancient hot-
spring deposits in the two valleys are found near the
trace of theMainCentral Thrust System,more than
15 km south of our southernmost collection local-
ities.
Previous efforts to estimate Late Miocene–
Pleistocene exhumation rates in the Annapurna
Range from thermochronometric data have involved
direct interpretations of apparent age-elevation pro-
files (Huntington and Hodges 2006; Huntington
et al. 2006; Blythe et al. 2007), modeling of detrital
mineral cooling ages from samples of modern river
deposits (Brewer et al. 2003, 2006; Ruhl and Hodges
2005; Huntington andHodges 2006), and one-, two-,
and three-dimensional thermokinematic modeling
of distributed data, particularly apatite and ZrnFT
dates (Burbank et al. 2003; Huntington et al. 2006;
Whipp and Ehlers 2007; Whipp et al. 2007; Nadin
and Martin 2012). All of these estimates are based
on minerals in bedrock or detrital samples from
Greater Himalayan Sequence lithologies collected
from structural levels most comparable to the col-
lection sites of the Annapurna-Dhumpu footwall sam-
ples we studied. The data from higher-temperature
thermochronometers—forexample,muscovite 40Ar/39Ar,
with a nominal closure temperature range of 4007–
5007C(Harrisonetal.2009)—indicateLateMiocene–
Early Pliocene exhumation at rates of 0.57–2.3 km/
Ma. Fission-track and (U-Th)/He data from previous
studies have been interpreted as indicative of Late
Pliocene–Quaternary exhumation rates of 0.5–12
km/Ma, but most estimates are in the lower end of
that range (≤5 km/Ma). Our transient-model results
for similar structural levels (1.1–2.6 km/Ma; table 1)
are comparable to those obtained in the course of
earlier studies.
Interpretation of Average Exhumation Rate Esti-
mates. Exhumation rates modeled from low-
temperature thermochronometric data are frequently
interpreted as bedrock erosion rates, and abrupt
changes in the trend of dates obtained with a partic-
ular thermochronometer and collection elevation
can be interpreted as indicative of abrupt changes in
erosion rate and/or topographic relief at a particular
time over a relatively broad area (e.g., Braun 2005).
We do not favor such an interpretation of the mostThis content downloaded from 23.235.32
All use subject to JSTOR Miocene dates to the north—for a variety of reasons.
First, although it is true that the sampling elevations
are higher for the two rocks yielding the Late Mio-
cene ApHe dates, the dates for all samples do not
increase systematically with sampling elevation.
For example, the 9.1 Ma ApHe date (MK1) was ob-
tained for a sample collected about 1 kmhigher than
the sample that yielded a 10.8 Ma date (KG1). Fur-
thermore, three samples from the Modi Khola
Valley that were collected at higher elevations than
KG1 (MK2, MK3, and MK4) yielded ApHe dates
an order of magnitude younger. Second, the ca. 9–
10 Ma difference between the ApHe closure dates
for the Dhaulagiri hanging wall and those for deeper
structural levels is impossible to reconcile with the
total elevation difference across which all samples
were collected. If we extrapolate our lowest esti-
mate for the exhumation rate of the deeper samples
(0.52 km/Ma) backward in time to the beginning of
the Pleistocene, the rocks from which the Late
Miocene dates were obtained would be completely
eroded away. Finally, andmost convincing from our
perspective, the transition from Pleistocene cool-
ing dates to Late Miocene cooling dates coincides
with the surface trace of the Dhaulagiri Detach-
ment (fig. 6).
The low exhumation rates indicated by the
northernmost of our samples could also be the re-
sult of well-documented decrease in rainfall from
south to north across the southern flank of the Hi-
malaya. However, all of our samples are from ele-
vations experiencing between about 2 and 4 m/yr
of predominantly monsoonal precipitation (Book-
hagen and Burbank 2010), and similar variations
apparently have not disrupted cooling-age patterns
just to the east of our study area in the Annapurna
Range (Burbank et al. 2003).
We regard the interpretation that the transition
in cooling dates across the Dhaulagiri Detachment
is a direct consequence of detachment slip as more
likely than any interpretation involving only a
change in erosional-exhumation rate. If correct, our
interpretation indicates that the Dhaulagiri De-
tachment has been active in the Pleistocene, an
observation consistent with the structure’s appar-
ent offset of the Dangardzong Fault, which experi-
enced young (but pre–17.2 ka) Quaternary slip
(Hurtado et al. 2001). The minimum age of latest
slip is poorly constrained, but the fault does not
appear to cut Holocene fluvial and landslide de-
posits in the Kali Gandaki Valley. The fact that
Dhaulagiri footwall ApHe dates are much younger
than hanging-wall ApHe dates is consistent with.0 on Thu, 29 Oct 2015 18:33:15 PM
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normal-sense displacement, with fault slip respon-
sible for tectonic denudation of underlying rocks.
One reasonable inference is that the differential
Dhaulagiri and Annapurna Massifs have been less
than rates farther south, where monsoonal pre-
cipitation is higher.
The new thermochronologic data presented here,
146 J . A . M CD E RMOTT E T A L .Quaternary exhumation across the detachment—at
minimum, roughly 0.89 km, and perhaps as much
as 14 km in the extreme—represents the cumula-
tive throw. Assuming a planar geometry for the
detachment at depth, a ca. 257 dip (based on field
observations in the Kali Gandaki Valley), and a
purely down-dip displacement vector, this infer-
ence permits estimates of Quaternary displacement
between ca. 2 and 33 km, although we think that a
more realistic range is ca. 3–10 km.
The amount of Quaternary displacement on the
previously recognized Annapurna-Dhumpu De-
tachment is unclear. Comparison of mean EQ esti-
mates for hanging-wall and footwall samples sug-
gest the potential for up to a few kilometers of
throw, but the broad overlap of hanging-wall and
footwall EQ values (due largely to the ApHe dates for
sample KG3) could be interpreted to indicate no
significant differential exhumation. Better ther-
mochronologic constraints on the Annapurna-
Dhumpu hanging-wall cooling history are needed
to further evaluate the magnitude of slip on this
structurally deeper Quaternary structure and its
tectonic significance relative to the structurally
higher Dhaulagiri Detachment.
Itmay seem incongruous to some readers that the
summits of two of the highest mountains in the
world—Dhaulagiri and Annapurna—expose rocks
in the hangingwall of Quaternary low-angle normal
faults with significant displacement. However, the
overall topographic profile of the Himalaya in the
study area reflects dramatic south-to-north varia-
tions in the precipitation pattern as well as the
evolving geometry of shortening structures in the
Himalayan orogenic wedge, which still absorbs up-
ward of 2 cm/yr of India-Eurasia convergence (Ader
et al. 2012). Considerable evidence exists in central
Nepal for an active ramp in the basal thrust of the
wedge (“the Himalayan sole thrust”), as well as out-
of-sequence shortening in the central region of the
wedge, either on blind duplex structures at depth or
on surface-breaking thrust faults (Pandey et al.
1995; Cattin and Avouac 2000; Wobus et al. 2005).
Quaternary activity on these structures has pas-
sively elevated the entire study area, including both
hanging walls and footwalls of the studied detach-
ments. The fact that the summits of Dhaulagiri and
Annapurna remain higher than rocks exposed in
the footwalls of the Dhaulagiri and Annapurna-
Dhumpu implies that tectonic denudation related
to the detachments has not been sufficiently high to
counter broader uplift trends related to orogenic
wedge evolution and that erosion rates on theThis content downloaded from 23.235.32
All use subject to JSTOR TRegional Significance of Quaternary Detachmentscoupled with previous thermochronologic and struc-
tural data from central Nepal, indicate that N-S-
directed extension near the crest of the range played
a role in both the Miocene and the Quaternary tec-
tonic evolution of the Annapurna and Dhaulagiri
Himalaya. Whether this extension has occurred con-
tinuously or episodically over the past 20 m.yr. re-
mains unknown.
If Quaternary slip on the Dhaulagiri Detachment
is responsible for a major disruption of bedrock
cooling-age patterns for low-temperature thermo-
chronometers in the study area, as inferred here, we
might argue that such a structure would be regional
in extent. In fact, several candidate correlative or
related structures have been mapped to the north,
east, andwest of ourfield site (Nakata 1989; Hodges
et al. 1996; Coleman 1996; Searle and Godin 2003;
Styron et al. 2011; Murphy et al. 2014).
To the north, but still within the Kali Gandaki
drainage, Godin (2003) mapped the Quaternary Lu-
pra normal fault (fig. 1), which has a strike similar
to that of the Dhaulagiri Detachment but a sub-
stantially steeper dip. While this structure may be
related to the detachment in some way, it also ex-
hibits geologic relationships consistent with ge-
netic relationship to Thakkhola Graben develop-
ment.
To the east across the Annapurna Himalaya, pre-
vious work established the presence of multiple
generations of top-to-the-north, low-angle exten-
sional structures, subparallel to but structurally
higher than the STFS. Historically, these structures
have been considered part of the STFS, and, because
there have been no age constraints on those struc-
tures, many of them were presumed to be of Mio-
cene age, perhaps only slightly younger than the
basal STFS detachments (e.g., Hodges et al. 1996;
Searle et al. 2003). However, several of those faults
are similar in character to the Dhaulagiri Detach-
ment and may have accommodated Quaternary de-
formation. One of these structures, in particular,
the Machhapuchhare Detachment (fig. 1), may be a
candidate for the eastward extension of the Dhau-
lagiri Detachment. Exposed in theModi Khola drain-
age, ∼35 km to the east of the study area, this struc-
ture has been mapped as a low-angle, (∼257) WNW-
striking, brittle-ductile shear zone (Hodges et al.
1996). Like the Dhaulagiri Detachment, it strikes
subparallel to, but structurally above, the basal.0 on Thu, 29 Oct 2015 18:33:15 PM
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STFS in the Modi Khola drainage. Footwall kine-
matic indicators are consistent with ductile, top-to-
the-north (normal-sense) displacement, but no in-
track (ApFT) and ZrnFT ages from the footwall re-
gion of the Phu Detachment in the Marsyandi
Valley and found cooling ages ranging from 0.3 to
Journal of Geology 147P L E I S T OC EN E L OW - ANG L E NORMA L F AU L T I NG I N N E P A Ldicators were found that directly constrain the
kinematics of brittle shearing. The Machhapuch-
hare Detachment marks a sharp metamorphic dis-
continuity, placing greenschist-facies Sanctuary
Formation rocks on amphibolite-facies rocks of the
Annapurna Yellow Formation. The fault serves as
the truncating boundary for macroscale folds that
dominate the hanging wall and for all leucogranite
dikes and sills that crosscut the footwall. Attempts
to trace the structure to the west toward the Kali
Gandaki Valley using satellite imagery have been
unsuccessful.We believe that this is largely because
the fault strikes parallel to the general fall line of
topography, dips only shallowly to the north, and
juxtaposes rocks with similar outcrop characteris-
tics. However, on the basis of inspection of satellite
imagery, Hurtado (2002) identified a short segment
of a fault that we now interpret as a continuation
of the Dhaulagiri Detachment about 10 km to the
east of the Kali Gandaki River valley. That segment
truncates the macroscale folds in the hanging wall
and juxtaposes rocks of the Sanctuary Formation
on Annapurna Yellow Formation rocks. The fact
that this is the same stratigraphic relationship
documented in the Modi Khola Valley on the
Machhapuchhare Detachment (Hodges et al. 1996)
supports a correlation of the Dhaulagiri and Mach-
hapuchhare Detachments. Several younger sub-
parallel normal faults, such as the Hiunchuli De-
tachment, were also mapped in the hanging wall of
the Machhapuchhare Detachment by Hodges et al.
(1996). These were originally interpreted by Hodges
et al. (1996) as imbricate hanging-wall splays off the
Machhapuchhare Detachment, but the actual fault
intersections that would have confirmed that in-
terpretation were not observed. The timing of dis-
placement on the Machhapuchhare Detachment is
currently constrained only by the fact that it cuts
leucogranite bodies with crystallization ages (con-
strained by U-Pb geochronology) as young as 18.5
Ma (Hodges et al. 1996). No available data preclude
a Quaternary age for brittle deformation on this
structure or its correlation with the Dhaulagiri De-
tachment.
Previous workers have proposed correlation of
the Machhapuchhare Detachment with the Phu
Detachment in the Marsyandi Valley farther to the
east (Searle and Godin 2003), and indeed, the Phu
Detachment exhibits similar structural character-
istics. However, the Phu Detachment is demon-
strably folded and therefore seems unlikely to be
Quaternary in age (Godin et al. 2006). Blythe et al.
(2007) examined a suite of ApHe and apatitefission-This content downloaded from 23.235.32
All use subject to JSTOR 0.9 Ma (ApHe), from 0 to 3.8 Ma (ApFT), and from
0.8 to 1.9 Ma (ZrnFT), suggestive of an increase in
exhumation rate as recently as ∼1 Ma. Although
this change in exhumation is unlikely to have been
the result of slip on the folded Phu Detachment, we
cannot rule out that it was related to tectonic de-
nudation on a Quaternary detachment, and thus,
correlative structures to the Dhaulagiri Detach-
ment may also occur in the Marsyandi region.
Because of poor infrastructure and political sen-
sitivity until very recently, the region immediately
west of the Myagdi Khola Valley has not been ex-
tensively mapped. On the basis of an analysis of
aerial photographs, Nakata (1989) mapped a num-
ber of young (Late Pleistocene–Holocene) fault
structures in western Nepal. Of particular interest
is ca. N507W-striking structure exposed about 30 km
west-southwest of the Dhaulagiri Massif that Na-
kata (1989) referred to as the Dhaulagiri Southwest
Fault. A recent, detailed field study along part of
this structure by Murphy et al. (2014) showed it
to be one of a series of recently active faults that
have been postulated to extend dextral slip on the
Karakoram Fault System—a major tectonic feature
that effectively defines the extreme southwestern
margin of the Tibetan Plateau—southeastward to
the Himalayan front at the approximate longitude
of Dhaulagiri (Styron et al. 2011; Murphy et al.
2014). Referred to as the Western Nepal Fault Sys-
tem by Murphy and colleagues, this ca. 350-km-
long system shows evidence of oblique slip—with a
N- to NE-directed normal component and a dextral
component. The dextral component of slip along
most segments of the Western Nepal Fault System
appears to be greater than the normal component,
on the basis of Late Pleistocene offset markers
(Silver 2012; Murphy et al. 2014). However, the
Dhaulagiri Southwest Fault, while having a steeper
northward dip and cutting exclusively through
Greater Himalayan Sequence rocks, has the appro-
priate orientation and trace to suggest a possible
correlation with either the Annapurna-Dhumpu
Detachment (as suggested byHurtado et al. 2001) or
the Dhaulagiri Detachment. We tentatively favor a
correlation with the Dhaulagiri Detachment, but
satellite imagery for the region between the upper
Myagdi Khola Valley and the closest place where
the trace of the Dhaulagiri Southwest Fault is ob-
vious (a distance of about 20 km) show no clear
geomorphic signature of a connection. In our ex-
perience, this is not particularly discouraging, be-
cause the traces of low- and moderate-angle faults
of this orientation are notoriously difficult to follow.0 on Thu, 29 Oct 2015 18:33:15 PM
Terms and Conditions
in satellite imagery of the Himalaya. One observa-
tion that may argue against a correlation is that
Silver (2012) found evidence of only a few tens of
nificant displacement in the Himalaya may help
resolve a major question in South Asian tectonics:
how do we reconcile the dramatically different
We would like to thank B. Adams for assistance in
C E
148 J . A . M CD E RMOTT E T A L .meters of normal slip on the Dhaulagiri Southwest
Fault and regards this structure as having predom-
inately strike-slip offset. However, all of the kine-
matic indicators leading to that conclusion are
based on offsets of geomorphic features and mo-
raine deposits no older than the end of the Last
Glacial Maximum (ca. 19 ka). There is no direct
evidence for slip on the Dhaulagiri Detachment in
the Myagdi Khola or Kali Gandaki Valleys over the
past 19 kyr, although the data available do not
prohibit slip that young. It is plausible that there
was an older, predominantly normal-sense slip
history on the Dhaulagiri Southwest Fault that has
been overprinted by very young dextral slip on the
Western Nepal Fault System. To the best of our
knowledge, systematic low-temperature thermo-
chronologic studies have not been conducted across
the trace of the Western Nepal Fault System, but
they could provide important information regard-
ing the viability of a correlationwith theDhaulagiri
Detachment.
Recent work in the Nyalam region of south-
central Tibet documented evidence for Plio-
Pleistocene, top-to-the-north displacement on a
low-angle detachment at approximately the same
structural level as the detachments described here
(McDermott et al. 2013). As is the case in the Kali
Gandaki andMyagdi Khola areas, the structure near
Nyalam also disrupts the local pattern of cooling
ages for (U-Th)/He thermochronometers. The spe-
cific relationship between Quaternary normal fault-
ing inNyalamand that in theAnnapurna-Dhaulagiri
Himalaya is unknown at this time, but the current
work adds to the growing evidence for N-directed
normal faulting near the crest of the range since
Miocene time.
The recognition of Quaternary, orogen-parallel,
extensional (or transtensional) structures with sig-
R E F E R ENThis content downloaded from 23.235.32
All use subject to JSTOR TQuaternary strain fields of the Himalaya and Tibet?
While theQuaternary kinematics of the Himalayan
orogenic wedge are dominated by southward thrust-
ing on imbricate N-dipping thrust faults (Avouac
2003), active transcurrent and normal fault systems
of the southern Tibetan Plateau primarily accom-
modate E-W extension (Armijo et al. 1986; Blisniuk
et al. 2001). The southernmost rift systems of the
plateau extend approximately as far south as the
Himalayan Range crest. In the Kali Gandaki Valley,
for example, the Thakkhola Graben can be traced no
farther south than the area between the Annapurna
andDhaulagiriMassifs. Hurtado et al. (2001) showed
that the principal growth structure of the graben (the
Dangardzong Fault) lies entirely within the hanging
wall of the Annapurna-Dhumpu Detachment. We
suggest that Quaternary, N-dipping faults like the
Annapurna-Dhumpu and Dhaulagiri Detachments
serve to accommodate the strain discontinuity be-
tween southern Tibet and the Himalayan orogenic
wedge, at least in central Nepal. Farther to the west,
the strain discontinuity may be accommodated by
predominately dextral transcurrent structures of the
Karakoram and Western Nepal Fault Systems. Ad-
ditional neotectonic research is needed to better
understand whether similar accommodation struc-
tures also occur in the eastern Himalaya.
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